INTRODUCTION Methane (CH4) is the most abundant organic gas in
Earth's atmosphere. Much of the history of the detection of atmospheric methane and of the earliest systematic measurement data has been reviewed by Ehhalt [1974] and Wofsy [1976] and will not be repeated here. Since the early 1970s a variety of roles of methane in atmospheric chemistry and climate have been identified. For example, methane affects tropospheric ozone, hydroxyl radicals and carbon monoxide concentrations, stratospheric chlorine and ozone chemistry and, through its infrared properties, Earth's energy balance (see section 2).
Recent evidence that atmospheric methane concentrations are increasing globally has made it necessary and more urgent to understand natural processes, both biological and physical, which control methane and to identify the human activities that are involved. This evidence is now overwhelming. Methane increases have been demonstrated at many different locations and with independent measurement techniques, including flame ioniza- species whose reactions were not included in Levy's early work; otherwise, the scheme is essentially that of Levy [1971 Levy [ , 1973 . Thus the complete oxidation of CH4 in the presence of adequate NO• produces 03 and depending on the relative fractions of CH20 oxidized by (R12a), RS2, and RS3, can produce OH radicals. Crutzen [1987] has calculated that the averaged relative fractions of (R12a), RS2, and RS3 are about 50-60%, 20-25%, and 20-30%, respectively, in the troposphere. In this case, methane oxidation to CO2 and H20 produces 3.7 03 molecules and 0.5 OH radicals per methane molecule destroyed. Note that these numerical relationships are stoichiometric between methane destruction and production of 03 and OH but are not ratios of number density changes because other processes partially control 03 and HOz concentrations, for example, surface deposition and inflows of 03 from the stratosphere, and there are also photochemical feedbacks in the system. For this pathway (RS1 then (R12a) or RS2 or RS3, then RS4)
to proceed there must be enough NO present for HO2 to [Cicerone, 1988] . Methanogens are reliant upon other microorganisms for providing them with their required substrates. The breakdown of organic matter in anoxic ecosystems is a complex process generally referred to as an "anaerobic food web" rather than a simpler food chain. A variety of nonmethanogenic anaerobic microbes attack complex organics, including biopolymers, ultimately resulting in the formation of these methanogenic substrates (Figure 6 ). Interactions that methanogenic bacteria form with other microbes are either of a complimentary or a competitive nature. In complimentary interactions, fermentative organisms metabolize a given compound, and the products of this metabolism are consumed by methanogens, with the formation of methane as an end product. The most studied interaction involves "interspecies hydrogen transfer" whereby fermenters channel reducing equivalents away from substrate end products and to hydrogen-consuming bacteria, like methanogens [Wolin, 1982; Mah, 1982; Wolin and Miller, 1987] . This results in the accumulation of soluble end products which are more oxidized than those predicted from culture studies of the fermentative organism grown on its own (for example, acetate instead of ethanol may result from cellulose fermentation). In some complimentary interactions the fermentative bacteria can obtain more energy by transfer of reducing power to hydrogenconsuming methanogens then they could from fermentative growth on their own (for example, see Wolin and Miller [1987] Aside from soils, sediments, and sewage, an important source of methane to the atmosphere is from the fiatulence and the eructations of animals. Many herbivorous animals feed upon foods which contain a high proportion of biopolymers, like cellulose. However, most animals do not produce cellulolytic enzymes which can degrade the cellulose to simple monomeric sugars. To overcome this, they have evolved symbiotic relationships with anaerobic microorganisms which inhabit various portions of their gastrointestinal tracts. The microbes have the necessary enzymes to degrade the otherwise indigestible polymers, and as a consequence of this fermentation, methane is evolved. The best studied habitat for this process is the rumen of herbivorous grazers like cows, sheep, buffalo, goats, deer, camels, elk, etc. [Hungate, 1966] . The rumen is a complex foregut in which the grazed grasses are stored for anaerobic fermentation. Gases produced during rumen fermentation are vented to the atmosphere by the animal's belching and typically contain 30-40% CH4 with the rest composed of CO2 and traces of N2, H2S and H2 [Hungate, 1966; Bryant, 1979; Phillipson, 1979] . This quantity of CH4 is more than that formed during in vitro fermentation ( Another microbial complication of the scheme in Table  I is When methane enters the atmosphere it carries the isotopic information, if any, of the source. The destruction of atmospheric methane by gas phase hydroxyl radicals is selective for the lighter isotopes of carbon and hydrogen; other possible methane sinks may also fractionate. Thus by measuring an isotopic ratio in atmospheric methane along with the isotopic shift in the atmospheric destruction processes, one can deduce the isotopic ratio of the total source; more generally, if two of these quantities are determined, the third is constrained. 
SOURCES AND SINKS OF ATMOSPHERIC

METHANE
There are purely scientific reasons and practical motivations for trying to obtain a quantitative understanding of atmospheric methane amounts and fluxes. Qualitatively, one can argue plausibly that atmospheric methane is increasing simply because certain identified methane sources are growing. But with methane concentrations continuing to increase, it has become more important to learn the relative and absolute sizes of methane sources and sinks, the extent of human influence, and the prospects for human intervention. How accurately can we hope to determine key quantities in the budget of atmospheric methane, for example, annually averaged total sources and sinks, or annual inputs from individual sources? How well do we know such quantities now? In this section we identify the constraints and types of data that can be used to place more or less accurate limits on key quantities. From these constraints we derive a candidate budget of methane sources that is as objective as possible.
Data That Constrain Theories
We begin by examining data (Table 2) data on methane amounts and residence time (see Table 3 ). This value for Q in (2), based as it is on accurately measured methane amounts and on r values from independent information, is a strong constraint on the methane budget (see Table 3 and references therein). The value of this constraint is high because of the objective basis for it. Whatever the identities of individual methane sources, they must sum to Q, and in steady state the total of all methane sinks must also equal Q. Briefly, the r for The 14CH4 data provide another constraint, but some terminology must be made clear before proceeding. Methane that is radiocarbon free can be either (1) fossil methane of biological origin, or (2) abiogenic methane. When appreciable amounts of 14C are present this could be either (1) recently produced biogenic methane or (2) abiogenic, from pressurized water reactors (see below). For our purposes it is necessary to distinguish between all of these. We will refer to methane from biological sources whose 14C age is zero to 200 years as "modern biogenic methane.
• For biogenic methane whose 14C content is less, but still enough to permit dating (ages less than 50,000 years or so) we will refer to "old biogenic methane2 "Dead carbon methane • will refer to CH4 with no radiocarbon content without regard to thermogenic or biogenic origin, for example, natural gas. Until now, only two terms have been used, basically to distinguish between methane from industrial sources (with zero 14C), and from living organisms (with 14C ages near zero).
In earlier studies of the 14C content of atmospheric methane the fraction of the total sources that is biogenic (defined as the carbon having been in recently living organisms) has been deduced. The earliest 14CH4/12CH4 measurements (pre-1960) were simpler to interpret (see Table 3 In our judgement the constraints on methane budget quantities just discussed, i.e., those that appear in Table 2, are the strongest ones today, for reasons outlined in Table 3 and references therein.
There are additional looser or weaker constraints on the same quantities that are listed in Table 3 , and there are separate facts that place constraints on other quantities. For example, field experiments have been used to estimate the strength of the soil sink of CH4 and numerical models of atmospheric transport and of atmospheric OH fie]ds have led to estimates of the consumption of CH4 by O H on an annual basis and also by time of year, latitude, and altitude (see Table 3 , particularly note g). Guided by these strongest constraints, one can proceed to add information from field experiments on individual identified sources and from models and to construct a candidate methane budget.
A Methane Budget Derived From Constraints
Now we attempt to construct a list of methane sources and sink sizes that is based as far as possible on the available constraints, or at least does not violate constraints. Table 4 The loose constraint due to present 13C data (see Table 3 lands are releasing significant amounts of X4C-depleted methane needs to be investigated.
Rice paddies appear in Table 4 Table 4 will not be easily improved upon; field studies must recognize numerous possible sources of variation, the possibility of bubble transport, and rapid variations in methane escape rates. Isotope studies could be very useful. It is clear that the effective area of land used for rice growing is increasing with time, partly due to multiple cropping figures, extrapolated to higher coal production rates. In Table 4 our entry of 35 x 10 x2 g CH4/yr and the likely range follow from these previous investigations and Ehhalt [1974] , and not from new data. For losses due to natural gas exploration and transmission, the state of our knowledge is also unsatisfactory. Previous estimates from Ehhalt of natural gas and assumed loss rates of 2-4% to account for gas escape from transmission networks. Loss figures such as these are usually from industrial representatives who mean them to include all unaccounted for gas, the difference between gas purchased for delivery and gas that is sold. This difference certainly includes losses through leaks, but also metering errors and theft. Unaccounted for gas is typically 2 to 2.5% of total production for the United States, but such figures are poorly documented. Other factors that have not been considered previously are emissions of gas from oil exploration and recovery, and from venting and incomplete flaring at gas wells and losses due to explosive events. Also, natural gas is not all CH4, but is typically 89 to 93%. Our figure, 45 x 10 •2 g CH4/yr in Table 4 , obtains from an assumed loss of 2.5% of total production for the early 1980s, plus 14 x 10 x2 g CH4/yr to account for unburnt CH4 in flaring and venting [Marland and Rotty, 1984] , underwater venting from offshore production platforms [Sackett and Barber, 1988] , and other stray and explosive losses. Methane released from coal mining and natural gas usage has increased in recent years. Seiler [1984] estimates from natural gas usage data that this methane source increased by 600% from 1950 to 1975 while the source due to coal mining increased 50% in the same period.
Our total for the previously identified dead carbon methane sources in Table 4 is 80 x 10 •2 g CH4/yr. These sources are coal mining and gas usage. This value of 80 x 10 TM g/yr is only 16% of the quasi-steady source (500 x 10 •2 g CH4/yr) for the 1980s, or 15% of the total source in To highlight the second possibility we hypothesize that some of the methane escaping from peat formations and boreal wetlands is old biogenic methane or even dead carbon methane. In Table 4 we suggest that 33 x 1012 g/yr of effectively dead CH4 exits natural wetlands predominantly from peatlands and other boreal wetlands rich in old organic matter. The heading "HEDC" in Table 4 [Clymo, 1984] and that methane concentrations increase with depth. Thus the release of old biogenic methane is possible. In any case, this hypothesis can be tested by 14CH4 measurements; Borneo peats in particular need study. We also suggest in Table 4 For the fifth possibility to be true, the constraints on the atmospheric residence time and total sources and sinks (see Tables 1-3 Table   3 . If there are other sinks of CH4 (besides OH radicals) that are significant, for example, if soils consume amounts similar to atmospheric OH, then • would be less than 8 years (lower limit from Prinn et al., [1987] ) and the total sources would be larger than the upper limit of the range of Table 2 and the related discussion. Coincidentally, the list of methane sources derived by Khalil and Rasmussen [1983] totals almost the same as our Table 4 but their dead carbon sources are only half as large as ours.
Sinks of atmospheric methane are interesting in their own right, and quantitative sink estimates can constrain our estimates of sources and residence time. In Table 3 and the related discussion, we described the information available on methane sinks, both from photochemical models of atmospheric OH fields and from empirical deductions based on C2H3C13 and the present indications that OH is the dominant sink for CH4 and C2H3C13. An independent estimate, based on measurements of naturally produced Table 3 
QUASI-STEADY STATE
In this appendix we derive the relationship between steady state sources, sinks, and atmospheric amounts and we define a useful quasi-steady state.
Consider an atmospheric gas whose mole fraction Ivolume mixing ratio) is a function f(x,y,z,t) of spatial position Ix,y,z) and of time It). If NIx,y,z ) is the number density 
